
Abstract. Nitric oxide (NO) is a key bioregulatory active
molecule in the cardiovascular, immune and nervous systems,
synthesized through converting L-arginine to L-citrulline by
NO synthase (NOS). Research exploration supports the theory
that this molecule appears to be one of the key factors for the
disruption of normal brain homeostasis, which causes the
development of brain lesions and pathology such as in
Alzheimer’s disease (AD). Especially the vascular content of
NO activity appears to be a major contributor to this pathology
before the overexpression of NOS activity in other brain
cellular compartments develop. We theorize that
pharmacological intervention using NO donors and/or NO
suppressors should delay or minimize brain lesion development
and further progression of brain pathology and dementia.

There are many common underlying risk factors that play

key roles in the development of cardiovascular,

cerebrovascular and neurodegenerative diseases [for review

and references see (5,30,31)].

Nitric oxide (NO) is an important bioregulatory molecule

in the nervous, immune and cardiovascular systems. NO is

synthesized by the conversion of L-arginine to L-citrulline

with the enzyme NO synthase [NOS (55)]. The three

prototypical forms of NOS are neuronal, cytokine-inducible

and endothelial (NOS1, NOS2 and NOS3, respectively).

The three isoforms are derived from separate genes and are

regulated by diverse signaling pathways (65). NO also

inhibits enzymes in target cells and can interact with oxygen-

derived radicals or free oxygen species (ROS) to produce

other toxic substances. Thus, NO also plays a role in

immunological host defense and in the pathophysiology of

certain clinical conditions (55). 

The role of NO in brain homeostasis has been extensively

reviewed more recently (34). Experiments demonstrate that

NO exerts several actions in the cerebral cortex. NO

production is mediated by neuronal activity through at least

two pathways: ¡-metylD-aspartate (NMDA) receptors and

alpha-amino-3-hydroxy-5-metyl-4-isoxazoleproprionic acid

(AMPA) receptors. NO can interact with synapses that are

near the production site but not necessarily anatomically

connected to the NO source by a conventional synaptic

linkage by virtue of its diffusion in extracellular space.

NOS’s primary action is amplification of the release of the

excitatory neurotransmitter, L-glutamate, thus effectively

creating a positive feed-forward gain system. However, a

number of effective brakes, presumably activated under

physiological conditions, serve to limit the cascade (45).

These include the ability of NO to inhibit NMDA receptors,

its negative feedback on the rate-limiting NOS (59,61,62)

and other inhibitory actions. In this review we outline the

potential role of excess NO production and its oxidation

products on the pathobiology of brain lesions as an

accelerating factor for stimulating cerebrovascular diseases,

especially Alzheimer’s Disease (AD).

The role of NO isoforms in regulation of
cerebrovascular tone

The role of endothelial cells (EC) in the control of vascular

tone is mediated by the synthesis and release of vasoactive

substances such as the endothelium-derived vasodilator NO

(53,56) and vasoconstrictor endothelin-1 (ET-1) (76). NO
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regulates vascular tone, platelet aggregation, leukocyte

adhesion, SMC proliferation, synaptic neurotransmission

and cytotoxic/cytostatic actions of macrophages

(24,25,27,28,54,56,71,74,75). This labile molecule may carry

out important biological roles, both within the cell in which

it is synthesized and by interacting with nearby cells and

molecules (4). 

Three distinct isoforms of NOS derived from different

genes generate NO: neuronal NOS (nNOS or NOS1),

inducible NOS (iNOS or NOS2), and endothelial NOS

(eNOS or NOS3) (2,53,56,63,65,71). These isoforms are

similar in structure and function (2,53,65,70,71). 

eNOS was first purified and cloned from vascular

endothelium, but has also been discovered in cardiac

myocytes, blood platelets, brain cells (2,54,56,57,65,75) and

in subcellular compartments such as mitochondria (8).

eNOS is unique among the NOS family of proteins due to

the presence of an N-myristoylation consensus sequence

elucidated from the cloning of its cDNA. Although eNOS

was metabolically labelled with [3H] myristic acid and

mutation of glycine 2 in the N-myristoylation consensus

sequence changed the particular localization of the enzyme

to a cytosolic form, the definitive characterization of eNOS

as an N-myristoylprotein has not been clarified (51). eNOS

is regulated in part through specific protein interactions.

Dynamin-2 is a large GTPase residing within similar

membrane compartments as eNOS. It has been shown that

dynamin-2 binds directly with eNOS thereby augmenting

eNOS activity (21). Double label confocal immuno-

fluorescence microscopy demonstrates colocalization of

eNOS and dynamin in both Clone 9 cells cotransfected

with green fluorescent protein-dynamin and eNOS, as well

as in bovine aortic EC (BAEC) expressing both proteins

endogenously, predominantly in a Golgi membrane

distribution (21). Immunoprecipitation of eNOS from

BAEC lysate coprecipitates dynamin and, conversely,

immunoprecipitation of dynamin coprecipitates eNOS.

Additionally, the calcium ionophore, a reagent that

promotes NO release, enhances co-precipitation of

dynamin with eNOS in BAEC, suggesting the interaction

between the proteins can be regulated by intracellular

signals (21). These events may have relevance for eNOS

regulation and trafficking within vascular endothelium

(21). Additionally, GST-dyn-2 PRD binds the in vitro
transcribed 35S-eNOS reductase domain but not the 35S-

eNOS oxygenase domain. Furthermore, GST-dyn-2

proline-rich domain (PRD) binds a 35S-labelled eNOS

reductase domain fragment (amino acids 645-850) that

partially overlaps with the FAD binding domain of

eNOS(22). A recombinant form of the SH3-containing

protein Fyn competes the binding of recombinant eNOS

protein with dyn-2 PRD, thereby implicating the SH3-like

region contained within this reductase domain fragment as

the dyn-2 binding region. Mammalian two-hybrid screen

corroborates these interactions in cells as well. Functional

studies demonstrate that dyn-2 PRD selectively potentiates

eNOS activity in a concentration-dependent manner in an

order of magnitude similar to that observed with dyn-2

full-length and in a manner that requires calmodulin.

Although dyn-2 PRD does not influence eNOS oxygenase

domain function or ferricyanide reduction, it does

potentiate the ability of recombinant eNOS to reduce

cytochrome c (COX), supporting an influence of dyn-2

PRD on electron transfer between FAD and FMN (22).

These data indicate that the binding domains of dyn-2 and

eNOS reside within the dyn-2 PRD domain and the FAD

binding region of the eNOS reductase domains,

respectively, and that dyn-2 PRD is sufficient to mediate

dyn-2-dependent potentiation of eNOS activity, at least in

part, by potentiating electron transfer (22).

NOS activity is a major determinant of vascular tone and

blood pressure and is altered in diseases such as

hypertension, diabetes, atherosclerosis, ischemia/reperfusion

and AD (1,32). A dynamic balance of relaxing and

constricting factors regulates cerebrovascular tone.

Constitutively produced NO normally influences basal

cerebral vascular tone and mediates vascular responses to

diverse stimuli (33) and cerebral vasodilation (34). Impaired

endothelium-dependent relaxation of cerebral blood vessels

has been observed during chronic hypertension, diabetes,

hypercholesterolemia, subarachnoid hemorrhage (SAH)

and ischemia (2,34). Moreover, the accumulating body of

evidence strongly supports the idea that NO is also involved

in regulating the cerebral circulation during hypercapnia

(40) and focal (10,19,20,25,64) or global brain ischemia

(7,11,36,41-44,58). Iadecola (40) showed that arginine-

derived NO mediates the powerful effects of CO2 on

cerebral circulation. NO, synthesized by the action of nNOS,

participates in regulating basal cerebral blood flow (CBF)

and is the major contributor to the hypercapnic CBF

response (73). Chronic inhibition of constitutive NO

production increases EC permeability during various

vascular diseases (2). Due to its vascular effect, NO might

improve tissue perfusion and exert a protective action.

Chronic imbalance in NO activity plays a key role during the

brain hypoperfusion and the consequences of this activity

causes neurodegeneration such as AD (32). However, the

regulation of vascular tone is influenced by other multiple

vasoactive substances released by the endothelium such as

endothelial-derived hyperpolarizing factors, prostacyclin and

vasoconstrictor factors. There is also abundant evidence that

these factors are altered by pathophysiologic states,

although the mechanisms responsible are not as well

understood as they seem to be for the NO system. It has

been strongly debated that several endothelial-derived

vasodilators, including hyperpolarizing factors, may exist.
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One of these factors is almost certainly the cytochrome p450

metabolite of arachidonic acid, epoxyeicosatrienoic acid

(EET) (38,38), whereas another is probably H2O2, which

stimulates potassium channel opening in a fashion similar

to EET (38). EET has anti-inflammatory properties,

whereas H2O2 may potentially enhance inflammation and

promote vascular hypertrophy. Thus, two factors released

by the endothelium, with similar acute effects on the

vascular smooth muscle, may have very different long-term

consequences in terms of protecting against or promoting

vascular disease. 

During the past two decades, we have gained a

substantial understanding of the L-arginine/eNOS/NO

pathway and how this modulates vascular reactivity (29-

32). Further, scientists and physicians are now aware that

this process is altered by many risk factors for

atherosclerosis as well as brain disorders and have begun

to understand how these disorders alter NO production

and bioavailability. These abnormalities are probably

multifactorial and scientists are beginning to understand

how they can be corrected. An exciting aspect of

endothelial function is that it has prognostic significance

above and beyond the traditional risk factors for

atherosclerosis. Several studies have shown that individuals

with intact endothelial function in either the forearm or

the coronary circulation have a low incidence of events

during follow-up periods, whereas those individuals with

abnormal endothelial function have a high incidence of

major cardiovascular events (6,38). Because of the

complexity of abnormalities that underlie endothelial

dysfunction, there are various therapeutic targets that may

have to be addressed to improve endothelial function and

ultimately improve prognosis in these individuals (38).

Recent evidence indicates that NO and the mitogenic

peptide angiotensin II (Ang II) have been implicated in

endothelial cell growth. However, the putative relationship

between these two opposing agents with respect to

endothelial cell growth remains unknown. Bayraktutan and

Ulker recently showed that treatments of coronary

microvascular endothelial cells (CMEC) with Ang II or

Ca2+ ionophore A23187 equally increased NO production

without altering the fold-difference in the basal release of

NO from proliferating vs. confluent CMEC. Valsartan

abolished NO production in CMEC treated with Ang II

but not Ca2+ ionophore A23187 (12). Treatments of

endothelium-intact vascular rings with Ang II (from 1- to

10 micromol/l) plus valsartan or PD-123319, an Ang II

type 2 (AT2) receptor inhibitor, attenuated vascular

responses to acetylcholine in an Ang II dose-dependent

manner. In these rings, phenylephrine produced significant

increases in contractile responses only at nmol/l

concentrations of Ang II. In contrast, pharmacological and

mechanical inactivation of endothelium enhanced

contractile responses to phenylephrine at micromol/I

concentrations of Ang II. These data demonstrate that

Ang II stimulates NO production in CMEC in both an

AT1- and an AT2 receptor-regulated manner, and that this

stimulation of NO may be beneficial in counterbalancing

the direct vasoconstrictor effect of Ang II on underlying

smooth muscle cells (12).

The overproduction, either by activation of nNOS by

excitatory aminoacids (35), or by induction of iNOS in glial,

vascular or blood cells (7,41,42,44) during the ischemic

episodes, might be deleterious. eNOS knock-out mice show

that the NO synthesized by eNOS protects against ischemic

damage by increasing blood flow, whereas NO produced by

nNOS contributes to lesions (37,39). The inhibition of NO

synthesis by EC leads to increased intracellular oxidative

stress, which induces neutrophil-EC interactions (2,3,5) and

may promote the development and progression of vascular

diseases such as atherosclerosis (2) and ischemia/reperfusion

injury (3). Shin and coauthors have investigated the

expression of both constitutive and inducible forms of nitric

oxide synthase (NOS) by immunohistochemical staining of

formalin-fixed paraffin-embedded sections in normal and

Listeria monocytogenes-infected brains of goats (66). Their

findings suggest that normal caprine brain cells, including

neurons, constitutively express iNOS and nNOS, and the

expressions of these molecules are increased in Listeria
monocytogenes infections. Furthermore, inflammatory cells,

including macrophages, expressing both nNOS and iNOS,

may play important roles in the pathogenesis of bacterial

meningoencephalitis in goat (66). However, the

overexpression of iNOS during the development and

maturation of AD is still unknown.

Expression of nNOS in the entorhinal cortex and

hippocampus is affected in AD (72). Dimethylargininase,

primarily expressed in tissues containing the constitutive

forms of NOS like brain, kidney and endothelium (17,46,47),

regulates NO production by hydrolyzing free methylated

arginine derivatives (effective endogenous inhibitors of NOS)

(52). The expression of dimethylargininase is dramatically

increased during AD (69). The presence of

dimethylargininase abnormalities in the AD brain is not

surprising since nitration, resulting from peroxynitrite or

peroxynitrate, is increased in all neurons at risk of dying due

to AD (13,14,16,67). However, the ultrastructural localization

of dimethylargininase immunoreactivity in different cellular

compartments of the AD brain or in transgenic animal

models of AD has yet to be described.

Vascular endothelium constitutively generates NO in

large vessels and induces a relaxation of smooth muscle

cells. However, little is known about the production of

NO in microvessels via the different isoforms of NOS,

where smooth muscle layers are thin or absent. Kimura

and coworkers demonstrated that constitutive production
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Figure 1. The features of nNOS immunoreactivity in aged control wild mice brain. A- nNOS immunopositive reaction is associated with the neurons localized
in cortical regions (single arrows). Positive immunoreactions were also seen in the matrix of perivascular cell (double arrow). Original magnification x30. 
B- The intensive nNOS immunopositive reaction was seen also in sub-cortical regions (single arrow). Original magnification x30. VL-Vessel lumen.
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Figure 2. The characteristics of iNOS staining from aged control and YAC AßPP transgenic mice. A-Age-matched control wild mice shows the iNOS positive
astrocytes (double arrows) close to microvessels. The different intensity of immunopositive glial cells also seen throughout brain tissues (single arrows).
Original magnification x30. B- Brain slices from YAC AßPP transgenic mice shows the cluster type of iNOS immunopositive reaction in vascular wall cells
(single arrows). High intensity of immunopositive reaction was also seen in glial cells (double arrows). Original magnification x30. VL-Vessel lumen.



of NO in bovine brain microvascular endothelial cells

(BBEC) ATP, acetylcholine (ACh) and A23187 induced

Ca(2+) transients both in BBEC and BAEC. In contrast,

ATP and A23187 that evoked a similar degree of [Ca(2+)]

increase failed to induce NO production in BBEC, as

measured with an NO-sensitive fluorescent dye DAF-2,

whereas BAEC showed an increase in DAF-2

fluorescence. Hypotonic stress induced ATP release and

subsequent NO production in BAEC, whereas these were

not observed in BBEC (48). Unfortunately, the effect of

chronic oxidative stress such as hypoperfusion on NO

production has not been studied yet. 

Excess NO production is found during excitotoxicity,

inflammation and ischemia-reperfusion injury (18), and

the oxidation products of NO, namely peroxynitrite and

peroxynitrate, are powerful oxidants. Also, ONOO- can

generate the highly reactive OH0, a more powerful oxidant

than NO itself (13,18,27,67). Increased nitrotyrosine

immunoreactivity in AD is found in the neuronal

cytoplasm of the cerebral cortex within regions of

neurodegeneration, yet it is undetectable in corresponding

control regions (67). This distribution is essentially

identical to that of free carbonyls (68). The widespread

occurrence of nitrotyrosine immunoreactivity in neurons

suggests that chronic oxidative damage is not restricted to

long-lived polymers such as neurofibrillary tangles (NFTs),

but, instead, reflects a generalized oxidative stress

contributing to the pathogenesis of AD. 

iNOS can be expressed in a variety of cells in response to

lipopolysaccharides, certain cytokines and ROS generators

(34,57). Because iNOS produces much greater amounts of

NO than either eNOS or nNOS (2), it may be an important

mediator of cytotoxicity in the brain (28). Recently, Iadecola

and coworkers have proposed that iNOS makes a late

contribution to ischemic brain damage (43,44). iNOS

catalytic activity and iNOS mRNA expression were present

in brain tissue after 2 h of transient focal ischemia or 1-2

days after permanent focal ischemia (43,44). Our extended

study in aged control wild and yeast artificial chromosome

(YAC) transgenic mice overexpressing amyloid beta

precursor protein (AßPP) demonstrates that pathological

changes such as vessel lesions, amyloid deposition, neuronal

lesions especially mitochondria abnormalities including the

mitochondrial DNA (mtDNA) deletions, were correlates

with the degree of NOS overexpression. Control wild mice

show that neuronal specific NOS overexpression mostly

associates in the cortex rather than in other brain regions

(Figure 1A). In addition, large neurons from hippocampus

also show high overexpression of NOS immunoreactivity

(Figure 1A). However, the intensity of the nNOS staining

was very often high in the sub-cortical neurons in

comparison with the cortical area (Figure 1B). In YAC

AßPP transgenic mice the intensity of nNOS

immunoreactivity was also much higher than that in control

wild mice (data not shown). The vascular wall cells including

perivascular pericytes also show high levels of nNOS

immunoreactivity. This observation especially has been

made in the cortical regions that develop AD-like

pathology. Our extended study demonstrates that nNOS

overexpression was seen throughout all brain regions of

YAC AßPP transgenic mice. Neurons, glia and vascular wall

cells from severely damaged regions show a very high

intensity of nNOS immunoreactivity (data not shown). 

In control wild mice the pattern of iNOS immunoreactivity

was similar to the nNOS. iNOS immunoreactivity was seen in

glial cells throughout the different brain regions. The highest

intensity of iNOS immunopositive reaction was seen in

astrocytes which closely associate with microvessels (Figure

2A). The pattern of iNOS immunoreactivity in YAC AßPP

has a more heterogeneous distribution (Figure 2B). A highly

immunopositive reaction was associated with all cellular

compartments of the vessel wall (Figure 2B). The amyloid

plaques also show a high intensity of iNOS immunopositive

reaction (data not shown).

Immunocytochemistry against eNOS indicates that, in

aged control wild mice, an immunopositive reaction always

associates within vascular endothelium (data not shown).

Occasionally some perivascular cells also show a very light

immunopositive reaction (data not shown). Contrary to this

observation, in aged YAC AßPP transgenic mice, high levels

of eNOS immunoreactivity were seen in almost all cellular

compartments of the brain. Vascular endothelium and

eNOS immunopositive glial cells were often seen

throughout these regions (data not shown). These

observations indicate that a misbalance in the different

isoforms of NOS occur before any visible amyloid

deposition. Therefore pharmacological interventions using

NO donor and/or NO suppressor may work to block these

changes and development of brain lesions leading to

amyloid deposition and dementia. The exact mechanism of

the NO misbalance that occurs during the development and

maturation of neurodegeneration needs to be elucidated. 

NOS-positive neurons are present in neuron subgroups

throughout many regions of the brain (27). Reduced

NADPH-diaphorase, as well as nNOS and eNOS, are

present in dendritic and axonal terminals that are closely

associated with the middle cerebral artery and cerebral

microvessels [for ref. see: (25-28)]. 

The presence of L-arginine in astrocytes in vivo suggests

that glia may store this chemical for NO production in the

brain (25,26,34). Moreover, glial cells exhibit an inflammatory

response during disease, infection and ischemia. They also

release pro-inflammatory cytokines and synthesize and release

NO (34). The large amount of NO that is released from glial

cells via the expression of iNOS after their stimulation is

neurotoxic, because it induces oxidative stress, mitochondrial

in vivo 18: 325-334 (2004)
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dysfunction and excitotoxicity (10,26,75). Hypoxic brain injury

(acute or chronic) is associated with the formation of both NO

(9,14,15,23,27,34) and the superoxide anion, which may react

to form free radicals (13) and cause neurotoxicity (14,15,26,

27,49,50,60,75). Therefore investigations to determine the

exact ultrastructural localization of the different NOS

isoforms in the brain vascular tree, neurons and glia in post-

hypoxic and AD brain would be warranted.

Conclusion

NO as a liable molecule plays an important role in the

vascular homeostasis of the brain. Disruption in the

balance between the different isoforms of NO appears to

be a key element during the development of different

diseases including AD. In addition, NO overproduction

occurs much earlier than amyloid deposition. Therefore

pharmacological correction of these misbalances may

open a new window for the prevention and/or treatment

strategy for these diseases. 
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